؉ T cell responses, with the exception of cytokine production, which under some circumstances is enhanced in Fyn-deficient CD4 ؉ T cells.
R ecognition of Ag by the TCR initiates numerous coordinated signaling pathways that ultimately control T cell behavior. TCR signaling is initiated by phosphorylation of the ITAMs present in the -chain and CD3 chains of the TCR by the Src family kinases Lck and Fyn (1, 2) . Phosphorylated ITAMs recruit a second type of intracellular tyrosine kinase, ZAP70, leading to its activation. Subsequent signaling reactions are initiated by active ZAP70, Lck, and/or Fyn (1) . Lck is associated with the co-receptors CD4 and CD8, which contribute to the activation of conventional ␣/␤ T cells by binding to MHC molecules stabilizing the interaction between the TCR and Ag-bound MHC molecules, and by recruiting Lck to the TCR, which promotes TCR-mediated signaling (3, 4) . In contrast, Fyn associates with the TCR -chain at low stoichiometry, which may nonetheless allow it to initiate TCR signaling through the phosphorylation of ITAMs within the -chain (5, 6) . Other studies have suggested that Fyn also plays a positive role in TCR signaling at subsequent steps through its phosphorylation of SLAP-130 (SH2 domain-containing leukocyte protein of 76-kDa-associated phosphoprotein of 130 kDa)/FYB (Fyn-binding protein) (7) , Vav (8) , WASp (WiskottAldrich syndrome protein) (9) , and Pyk-2 (10), all of which promote cytoskeletal reorganization and the formation of the immunological synapse between T cells and APCs (7, 9) . Indeed, two studies utilizing TCR transgenic Fyn-deficient T cells have suggested that in the absence of Fyn, T cell interactions with APCs are weaker (7) (8) (9) . Additionally, Fyn can phosphorylate PAG (phosphoprotein associated with glycolipid-enriched microdomains), also called Cbp (Csk-binding protein), which acts to down-regulate TCR signaling through its recruitment to the membrane of Csk, a kinase that inhibits both Fyn and Lck through phosphorylation of negative regulatory tyrosines near their C termini (11, 12) . Thus, Fyn kinase has been implicated in both the propagation and inhibition of TCR-mediated signaling.
Fyn kinase is also involved in the signaling pathway downstream of the CD2-related cell adhesion molecule SLAM (signaling lymphocyte activation molecule), 3 which promotes T cell differentiation to a Th2 phenotype (13) . SLAM associates with the adaptor molecule SAP (SLAM-associated protein), which in turn associates with Fyn and in part signals through it (13) (14) (15) . The formation of the SLAM/SAP/Fyn complex has been shown to promote T cell secretion of IL-4 (13) . Defects in SAP, which is encoded on the X chromosome, lead to the disease X-linked lymphoproliferative (XLP) syndrome in which there are defects in the control of EBV infection and in the generation of germinal centers (16 -18) . Thus, Fyn kinase is thought to be involved in T cell activation and in differentiation to cytokine-producing effector T cells downstream of both the TCR and SLAM.
An important approach for understanding the unique roles of Fyn in T cell function is the analysis of T cells from Fyn-deficient mice. In the periphery of these mice, conventional ␣/␤ T cells are present at normal frequency and number (19, 20) , but NKT cells are greatly reduced in number (21, 22) . This defect may result from failed positive selection of CD1d-dependent NKT cell precursors in the thymus (21, 22) and/or because of the absence of a Fyn-dependent SAP-mediated signal required for the development of these cells (23, 24) . In contrast, development of conventional ␣/␤ T cells in the thymus appears to be normal in fyn Ϫ/Ϫ mice, with the exception of impaired thymocyte deletion in response to certain superAgs, including Mls-1a (19) . Fyn-deficient thymocytes and mature peripheral T cells exhibit striking defects in their in vitro proliferative response to stimulation with anti-CD3 Abs and have substantially decreased anti-CD3-induced signaling reactions, including intracellular calcium mobilization and tyrosine phosphorylation of proteins (19, 20, 25) . These observations indicate that Fyn plays an important role in TCR signaling in situations where the co-receptors CD4 and CD8 do not participate and, therefore, Lck is not efficiently recruited to the TCR. However, whether Fyn plays a unique role in TCR signaling in response to peptide-MHC complexes presented by APCs is less clear. Stimulation of AD10 TCR-transgenic Fyn-deficient CD4 ϩ T cells with Ag and APCs in vitro results in relatively normal phosphorylation of signaling components, calcium mobilization, dephosphorylation, and nuclear translocation of NF-AT, as well as IL-2 production (25) . In contrast, other studies have reported defects in the interactions of Fyn-deficient T cells with APCs (7) (8) (9) .
To address the role of Fyn in the physiological response of CD4 ϩ ␣/␤ T cells following stimulation of the TCR with peptide in the context of MHC molecules, we bred the fyn mutation to the BALB/c genetic background and also introduced a transgene encoding the DO11.10 TCR, which recognizes a peptide from OVA when presented by the BALB/c class II MHC molecule, I-A d (26) . Herein we report that DO11.10 TCR-transgenic Fyn-deficient T cells developed normally, and that their association with APCs, their proliferation in response to Ag stimulation, and their need for costimulation from B7-1 and B7-2 were all similar to Fyn-expressing (wild-type) DO11.10 TCR-transgenic T cells. Moreover, Fyndeficient CD4 ϩ T cells did not have a defect in their ability to differentiate into IL-4-secreting effector cells following simulation with Ag in vitro, or in response to infection with Nippostrongylus brasiliensis. Under certain conditions, however, DO11.10 ϩ Fyndeficient CD4 ϩ T cells were more potent producers of effector cytokines than were their wild-type counterparts. Combined, these data demonstrate that Ag-driven activation and differentiation to Th2 effector cells are unimpaired in the absence Fyn kinase, and they reveal a previously unappreciated level of redundancy, with respect to Fyn, in Ag-induced CD4 ϩ T cell responses.
Materials and Methods

Mice
BALB/c mice were purchased from The Jackson Laboratory (Bar Harbor, MN), Charles River Laboratories, or were bred within our colony. BALB/c Fyn-deficient mice were generated by crossing mice expressing the inactivated Fyn allele, originally described by Soriano et al. (19) , on a mixed C57BL/6/129S7/Sv background to BALB/c mice for 6 -9 generations (G6 -G9) and then to homozygosity for the inactivated Fyn allele. DO11.10 TCR-transgenic BALB/c mice, which express a transgenic TCR that recognizes a peptide from chicken egg OVA peptide 323-339 (Ovap 323-339 ) in association with I-A d (26) , were obtained from Dr. A. Abbas (University of California, San Francisco (UCSF)). To generate DO11.10 TCR-transgenic Fyn-deficient mice, G6 Fyn-deficient mice were crossed to the DO11.10 TCR-transgenic mice and were bred to homozygosity for the inactivated fyn allele. Once generated, the DO11.10 TCR-transgenic Fyn-deficient mice were maintained within our colony. BALB/c B7-1 and B7-2 doubleknockout mice (27) were a gift from Dr. A. Abbas.
The genotype of the DO11.10 TCR-transgenic and Fyn-deficient mice used in these experiments was confirmed by PCR using DNA samples prepared from murine tail sections and primers and PCR conditions as described by Jackson ImmunoResearch Laboratories. The genotype of B7-1-and B7-2-deficient animals was confirmed by the lack of expression of B7 molecules by flow cytometry. All experimental mice were used at 8 -13 wk of age and for each experiment mice were matched for sex and age (within 2 wk). Animals were housed in a specific pathogen-free animal facility at UCSF under conditions that meet Institutional Animal Care and Use Committee and National Institutes of Health guidelines.
Antibodies and reagents
Anti-CD3⑀ (145-2C11), anti-CD28 (37.51), anti-CD4 (RM4-5), anti-CD8␣ (53-6.7), anti-CD69 (H1.2FE), anti-CD25 (2A3), anti-CD5 (53-7.3), anti-CD62L (MEL-14), anti-CD16/CD32 (2.4G2), anti-B7-1 (16-10A1), anti-B7-2 (24F), anti-SiglecF (E50-2440), anti-CD11b (M1/70), anti-Gr1 (RB6-865), anti-Ter119 (TER-119), anti-NK1.1 (PK136), anti-B220 (RA3-6B2), anti-IL-4 (11B11), anti-IFN-␥ (XMG1.2), anti-murine IgE (R35-72), and anti-murine IgE (R35-118) and isotype controls for rat IgG2a, (R35-95), mouse IgG1, (MOPC-31C), Armenian hamster IgG1, (A19-3) unconjugated or conjugated to biotin, FITC, allophycocyanin, PE, PE-Cy7, and PerCp-Cy5.5 as needed were purchased from BD Pharmingen. Anti-CD4-Alexa 700 was purchased from BioLegend. Anti-DO11.10-allophycocyanin or -PE (KJ1-26) and anti-CD4-allophycocyanin-Alexa 750 were purchased from Caltag Laboratories/Invitrogen. Anti-FoxP3-FITC (FJK-16s) was purchased from eBioscience.
Ovap 323-339 was synthesized and purified by Genmed Synthesis. PMA, ionomycin, and brefeldin A were purchased from Sigma-Aldrich. The intracellular dyes CFSE, Indo-1 AM (indo-1 acetoxymethyl ester), 5-(and 6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine (CMTMR), and 7-hydroxy-9H(I,3-dichloro-9,9-dimethylacridin-2-one) (DDAO) were purchased from Molecular Probes/Invitrogen.
Flow cytometry and staining with CFSE
A single-cell suspension was prepared from thymus or spleen for analysis or purification by flow cytometry. In each case, before staining, binding to Fc receptors was inhibited by incubating with an anti-CD16/ CD32 Ab. Cells were then stained with different combinations of Abs as indicated. All surface staining was done for 30 min on ice in Ca 2ϩ -and Mg 2ϩ -free PBS containing 1% FCS with 0.5% sodium azide for analysis, or without sodium azide for cell sorting. For analysis, data were acquired using a FACSCalibur with CellQuest software or LSR II (BD Biosciences). For purification, a MoFlo high-performance cell sorter was used (DakoCytomation).
For intracellular staining for FoxP3, thymocytes or splenocytes were treated with an anti-CD16/CD32 Ab and stained with anti-CD4-PE-Cy7, anti-CD8-PE, and anti-DO11.10-allophycocyanin, or with anti-CD4-PECy7, anti-CD25-PE, and anti-DO11.10-allophycocyanin, respectively. Cells were then fixed, permeabilized, and stained intracellularly with antiFoxP3-FITC overnight at 4°C using the FITC anti-mouse/rat Foxp3 staining set from eBioscience (no. 71-5775) as per the manufacturer's instructions. To assess cytokine production by intracellular staining for cytokines, lymph nodes cells were surface stained with anti-CD8-FITC and anti-CD4-PE-Cy7 and subsequently fixed, permeabilized, and stained intracellularly with anti-IL-4-allophycocyanin and anti-IFN-␥-PE using a Cytofix/Cytoperm kit from BD Biosciences (no. 554714) as per the manufacturer's instructions.
To assess proliferation by flow cytometry, purified CD4 ϩ or naive DO11.10 ϩ T cells (3 ϫ 10 7 cells/ml) were labeled with 3 M CFSE in PBS/0.5% FCS in a 37°C water bath for 8 min. Excess CSFE was removed by the addition of fresh RPMI 1640 containing 10% FCS.
Purification of CD4
ϩ T cells CD4 ϩ T cells were prepared from the lymph nodes and spleen of mice by negative selection using a CD4 ϩ T cell isolation kit from Miltenyi Biotec, as well as an autoMACS (Miltenyi Biotec), as per the manufacturer's instructions. The purity and activation state of the purified T cells were assessed by flow cytometry. Cells from non-TCR-transgenic mice were prepared for analysis by staining with anti-CD4-allophycocyanin, anti-CD69-FITC, or anti-CD62L-FITC, whereas samples from TCR-transgenic animals were stained with DO11.10-allophycocyanin, anti-CD4-PE-Cy7, and anti-CD69-FITC or anti-CD62L-FITC. FACS analysis revealed purity to be in the range of 90 -95% CD4 ϩ T cells, which predominantly expressed high levels of CD62L and were negative for CD69 (data not shown). Eighty to 85% of CD4 ϩ T cells prepared from DO11.10 TCRtransgenic wild-type or Fyn-deficient mice expressed the DO11.10 TCR transgene (data not shown).
Naive DO11.10 ϩ T cells were prepared from the lymph nodes and spleen of DO11.10 TCR-transgenic wild-type mice or DO11.10 TCRtransgenic Fyn-deficient mice. To prepare the spleen samples, a single-cell suspension was made, the RBC were lyzed, and the B220 ϩ cells were removed through the use of anti-B220 Dynal beads (Invitrogen), as per the manufacturer's instructions. The B220-depleted splenocytes and lymph node cells were then stained with anti-DO11.10-allophycocyanin, anti-CD25-PE, and anti-CD62L-FITC and sorted for live DO11.10 ϩ , CD25 Ϫ , and CD62L high lymphocytes. The typical purity was within the range of 89 -95% (data not shown).
In vitro CD4
ϩ T cell stimulation
For stimulation with plate-bound anti-CD3, 96-well flat-bottom tissue culture plates (Corning Costar) were coated with various concentrations of anti-CD3 in PBS at 4°C overnight. Purified CD4 ϩ T cells from wild-type BALB/c mice or G9 Fyn-deficient mice were plated at a starting cell density of 1 ϫ 10 5 cells/well in 200 l of RPMI 1640 (UCSF Cell Culture Facility) supplemented with 10% FCS (Invitrogen), 1 mM HEPES, 1 mM nonessential amino acids, 1 mM pyruvate, 1 mM L-glutamine, and 1 mM penicillin and streptomycin (all of which were obtained from the UCSF Cell Culture Facility) and 5 ϫ 10 Ϫ5 M 2-ME. Where indicated, 10 ng/ml IL-2 (BD Biosciences) or 2 g/ml of an anti-CD28 Ab was included in the cultures. CD4
ϩ T cells were cultured at 37°C and 5% CO 2 for 48 -72 h. Replicate wells were prepared for proliferation and cytokine production. To assess changes in cell surface marker expression, cells were stimulated with 3 g/ml plate-bound anti-CD3, harvested at 17-48 h, stained with anti-CD4-Alexa 700, anti-CD25-allophycocyanin, and anti-CD69-PE, and the data were acquired using an LSR II. 
Assessment of calcium mobilization
Splenocytes and lymph node cells from either wild-type or Fyn-deficient mice were pooled and loaded with Indo-1 AM in RPMI 1640 supplemented with 1% BSA (Sigma-Aldrich) and 20 mM HEPES for 1 h at room temperature. Cells were washed and then stained with anti-Gr1-FITC, antiTer119-FITC, anti-NK1.1-FITC, anti-CD11b-FITC, anti-B220-FITC, and anti-CD8␣-PE-Cy7, with or without the addition of anti-CD3-biotin, for 30 min on ice. Before analysis, 2 g/ml propidium iodine (Sigma-Aldrich), and in some instances anti-CD4-biotin, was added and the cells were warmed to 37°C for 3 min, after which time calcium mobilization was measured by flow cytometry using an LSR II. Baseline readings were taken for 30 s, after which time 25 g/ml streptavidin (ImmunoPure streptavidin from Pierce) was added to the cells and measurements were continued. The median intracellular calcium concentration was determined by the ratio of fluorescence 405 nm emission to 530 nm emission over time. Exclusion of PI ϩ FITC ϩ PE-Cy7 ϩ cells from the analysis allowed us to measure the calcium mobilization in CD4 ϩ T cells.
Adoptive transfer and in vivo T cell stimulation
CD4 ϩ T cells from DO11.10 TCR-transgenic mice were purified, the frequency of DO11.10 TCR-expressing cells was determined, and the cells were CFSE-labeled. Two and one-half to 5 ϫ 10 6 CFSE-labeled CD4 ϩ T cells, containing an identical number of DO11.10 ϩ cells, was transferred into sex-matched recipient BALB/c mice by tail vein injection. Across all experiments the number of transferred DO11.10 ϩ T cells was within the range of 2-4 ϫ 10 6 cells/recipient mouse. The following day, recipient mice were immunized s.c. with four 50 l injections of 1 mg/ml Ovap 323-339 in CFA. Three days after recipient mice were immunized with Ag, draining (brachial and inguinal) and nondraining (cervical) lymph nodes were harvested from the recipient mice. Lymph node cells were stained with anti-DO11.10-allophycocyanin and the level of CFSE dilution was assessed by flow cytometry. To assess cytokine production, draining and nondraining lymph nodes were harvested 5 days after immunization, the frequency of DO11.10 ϩ cells was ascertained by flow cytometry, and lymph node cells containing 1-1.5 ϫ 10 4 DO11.10 ϩ T cells/well were restimulated overnight with 1 g/ml Ovap 323-339 in U-bottom plates. The following day the supernatants were harvested and assessed for the presence of cytokines by ELISA.
N. brasiliensis infection and assessment of inflammation in the lungs
Third-stage N. brasiliensis larvae (L3) were isolated from the cultured feces of infected rats. Wild-type BALB/c mice and G9-fyn Ϫ/Ϫ BALB/c mice were infected with 500 larvae by s.c. injection and given antibiotic water (2 g/L neomycin sulfate and 0.1 g/L polymixin B) for 5 days. Infected mice were sacrificed after 10 days, and the lungs were perfused with 10 ml PBS. Lungs were harvested, crushed, and passed through 70-m filters to generate single-cell suspensions before staining. Cells were then incubated with 2.4G2, stained with the appropriate Ab cocktail (28) , and labeled with the vital dye DAPI (Roche). Counting beads (Caltag Laboratories/Invitrogen) were used to calculate total cell numbers. Data were acquired on a BD LSRII and analyzed using FlowJo software. To assess cytokine production, mediastinal and mesenteric lymph nodes were harvested, a single-cell suspension was prepared, and 5 ϫ 10 6 cells/ml were cultured for 4 h in supplemented RPMI 1640 containing 100 pg/ml PMA and 1 ng/ml ionomycin, and 10 g/ml brefeldin A was added for the last 2 h of culture. Cells were assessed for the presence of intracellular IL-4 and IFN-␥ by flow cytometry. The concentration of IgE in the serum of infected mice was assessed by ELISA using the mAb R35-72 as a capture Ab and the biotinylated mAb R35-118 for detection. The bound IgE was visualized using streptavidin-alkaline phosphatase.
Assessment of T cell/APC conjugate stability
CFSE-labeled DO11.10 ϩ CD4 ϩ T cells (5 ϫ 10 5 ) and CMTMR-labeled A20 B cells (5 ϫ 10 5 ) were combined and incubated in RPMI 1640 containing 10% FCS 1 mM L-glutamine, 1 mM penicillin and streptomycin, and 5 ϫ 10 Ϫ5 M 2-ME at 37°C. After 45 min, the samples were agitated and 5 ϫ 10 5 DDAO-labeled A20 B cells were added. Ninety minutes later, samples were agitated again, fixed with 1% paraformadlehyde, and analyzed by flow cytometry. The percentage of T cell/APC conjugates was determined by gating on CFSE-positive cells, and assessing the frequency of CSFE-positive cells that were also positive for CMTMR or DDAO.
Results
Fyn-deficient CD4 ϩ T cells fail to proliferate, produce effector cytokines, or mobilize calcium in response to stimulation with anti-CD3 Abs
The role of Fyn tyrosine kinase in TCR signaling has been studied by examining the response of Fyn-deficient thymocytes or T cells to anti-TCR Abs, superAg, or Ag presented by APCs (13, 19, 20, 25, 29, 30) . These studies were done with T cells isolated from fyn Ϫ/Ϫ mice on a mixed background (129/sv ϫ C57BL/6) or partially backcrossed onto the C57BL/6 background. In our initial experiments, we examined the anti-CD3-induced response of CD4 ϩ T cells from fyn Ϫ/Ϫ BALB/c mice and compared it to that of CD4 ϩ T cells from wild-type BALB/c mice. Stimulation with plate-bound anti-CD3 Ab induced strong proliferation of wildtype, but not of Fyn-deficient, CD4
ϩ T cells (Fig. 1A) . Similar results were obtained with Fyn-deficient T cells on inbred C57BL/6 background (data not shown). These data are similar to what has been has previously been reported using T cells isolated from less inbred Fyn-deficient mice (13, 25) . Stimulation with plate-bound anti-CD3 in combination with IL-2 or anti-CD28 induced a low level of proliferation in Fyn-deficient CD4 ϩ T cells, but their response was always much less than that obtained from wild-type controls (Fig. 1, B and C) . Cytokine production following anti-CD3 stimulation was also assessed, and low levels of IL-4 and IFN-␥ were detected in the supernatants of wild-type CD4 ϩ T cells following stimulation with plate-bound anti-CD3 alone or in combination with IL-2 or anti-CD28 (Fig. 1, D and E) . In contrast, neither IL-4 nor IFN-␥ was present in the supernatants of Fyndeficient CD4 ϩ T cells that had been stimulated under identical conditions (Fig. 1, D and E) . The absence of cytokine production from Fyn-deficient CD4 ϩ T cells was not surprising given that these cells did not proliferate and therefore presumably could not differentiate into cytokine-producing effector T cells (31) . Moreover, the difference between cytokine production of CD4 ϩ T cells from wild-type or Fyn-deficient mice was not due to contaminating NKT cells, as the method used to purify CD4 ϩ T cells specifically removed NKT cells with an anti-CD49b Ab. Stimulation with plate-bound anti-CD3 also induced activation-associated changes in the expression of several cell surface molecules, including CD69 and CD25. We compared the expression of these molecules on Fyn-deficient CD4 ϩ T cells with that of wild-type controls following anti-CD3 stimulation for 17-48 h. Although fyn Ϫ/Ϫ CD4 ϩ T cells did up-regulate CD69 and CD25, their response was always less than that observed for wild-type CD4 ϩ T cells irrespective of the length of stimulation (Fig. 1, F and G, and data not shown). These data suggest that Fyn-deficient CD4 ϩ T cells receive a weak TCR signal from plate-bound anti-CD3 that is insufficient to fully activate these cells. To compare TCR signal strength in wild-type and fyn Ϫ/Ϫ CD4 ϩ T cells, we measured calcium mobilization following stimulation with anti-CD3-biotin and strepavidin, or with the combination of anti-CD3-biotin, anti-CD4-biotin, and streptavidin. Following stimulation with anti-CD3-biotin and strepavidin, Fyn-deficient CD4 ϩ T cells had a weak calcium signaling response when compared with wild-type CD4 ϩ T cells from BALB/c mice (Fig. 1H) . However, when fyn Ϫ/Ϫ CD4 ϩ T cells were stimulated with co-crosslinked anti-CD3 and anti-CD4, the calcium response was similar to that obtained for wild-type CD4 ϩ T cells (Fig. 1I ). Similar results have previously been described using T cells from Fyn-deficient mice on a mixed or partially inbred C57BL/6 background (19, 20, 25, 32) . These data show that crosslinking of CD3 alone induced a weak TCR signal in Fyn-deficient CD4 ϩ T cells, which was insufficient to induce proliferation or cytokine production, but was adequate to produce a modest change in the expression of cell surface molecules.
Characterization of T cell development in DO11.10 ϩ
Fyn-deficient mice
We wanted to assess how fyn Ϫ/Ϫ CD4 ϩ T cells respond to Ag in a more physiological context in which co-receptors and adhesion molecules participate in the T cell responses. Therefore, mice deficient in Fyn kinase were bred to DO11.10 TCR-transgenic mice, which express a TCR that recognizes Ovap 323-339 in association with the I-A d MHC class II molecule (26) . Initially, the development of CD4 ϩ T cells in the thymus of 
DO11.10
ϩ Fyn-deficient mice was examined to determine whether development of CD4 ϩ T cells with the DO11.10 TCR was altered in the absence of Fyn kinase. Thymic cell number (data not shown) and the frequency of double-negative, doublepositive, and CD4 single-positive thymocyte subpopulations were comparable in DO11.10 ϩ wild-type mice and DO11.10 ϩ Fyn-deficient mice (Fig. 2, B and C) . Similarly, the expression of CD4, CD8, the DO11.10 TCR, CD3, and the maturation markers CD5 and CD69 were equivalent between the two strains ( Fig. 2B-G Ϫ fyn Ϫ/Ϫ thymocytes (mean 0.5 Ϯ 0.16% (SD), n ϭ 3 and mean 0.4 Ϯ 0.18% (SD), n ϭ 4, respectively, and data not shown). These results indicate that CD4 ϩ T cell development, positive selection, and the formation of Ag-specific regulatory T cells were unaffected by the absence of Fyn kinase.
The effect of Fyn deficiency on the peripheral T cell population in DO11.10 TCR-transgenic mice
In the spleen, the number and frequency of total and transgenic TCR-expressing CD4 ϩ T cells were similar in DO11.10 ϩ wildtype mice and DO11.10 ϩ Fyn-deficient mice (Fig. 3, A and B, and data not shown). The expression on these cells of various cell surface molecules, including DO11.10 TCR, CD4, CD3, CD28, CD69, CD25, CD62L, and CD44, was assessed, and in all cases the level of expression was almost identical between the two strains of mice (Fig. 3C-F and data not shown) . Particularly noteworthy, the expression levels of a range of activation markers seen on DO11.10 TCR-transgenic and nontransgenic Fyn-deficient CD4 ϩ T cells were consistent with a naive T cell phenotype ( Fig.  3 and data not shown) . Similarly, we found that splenic CD4 ϩ T cells from nontransgenic Fyn-deficient BALB/c mice or Fyn-deficient C57BL/6 mice predominantly had a resting T cell phenotype that was similar to that of wild-type control T cells (data not shown). Thus, our results do not support the hypothesis that the loss of signaling from Fyn kinase results in an activated T cell (Fig. 4A) . However, higher doses of the OVA peptide (100 and 1000 ng/ml) induced one or two cell divisions from a similar proportion of the DO11.10 ϩ wild-type T cells and the DO11.10 ϩ fyn Ϫ/Ϫ T cells (Fig. 4, B and C) . By 60 h, all of the different Ovap 323-339 concentrations had stimulated three or four rounds of cell division in both DO11.10 ϩ wild-type T cells and DO11.10 ϩ Fyn-deficient T cells (Fig. 4D-F Although we did not observe any decrease in the in vitro response to Ag of DO11.10 TCR-transgenic Fyn-deficient T cells, it was possible that the response of DO11.10 ϩ Fyn-deficient T cells to Ag was more dependent on costimulation through CD28 than is the response of wild-type DO11.10 ϩ CD4 ϩ T cells. To test this possibility, the proliferation experiments were repeated using splenocytes from B7-1-and B7-2-deficient mice as APCs. In the absence of costimulation provided by CD28, the proliferation of DO11.10 ϩ wild-type and DO11.10 ϩ Fyn-deficient T cells was diminished when compared with stimulation with Ag and B7-expressing splenocytes (Fig. 4G-M) ; however, the Fyn deficiency did not affect the proliferation of DO11.10 ϩ T cells (Fig. 4G-L) . The similarities of the proliferative responses of wild-type and Fyn-deficient T cells stimulated with Ovap 323-339 in the presence and absence of costimulation from B7-1 and B7-2 was confirmed by [ 3 H]TdR incorporation (Fig. 4M) . Additionally, changes to the level of expression of CD69 and CD25 in response to stimulation with Ovap 323-339 and APCs were assessed and found to be similar for both wild-type and Fyn-deficient DO11.10 ϩ CD4 ϩ T cells, although the response was diminished when B7-deficient splenocytes were used as APCs (data not shown). These results indicate that a deficiency in Fyn kinase did not alter the Ag-specific activation or proliferation of CD4 ϩ T cells in vitro. Additionally, these experiments revealed that the proliferative response of Fyn-deficient T cells was not more dependent on costimulation through B7-1 and/or B7-2 when compared with the response of their wildtype counterparts.
Cytokine production following in vitro priming and restimulation of DO11.10 ϩ Fyn-deficient T cells and DO11.10 ϩ wild-type T cells was also assessed. In contrast to the proliferative response, marked differences were observed for cytokine production from DO11.10 ϩ wild-type T cells and DO11.10 ϩ Fyn-deficient T cells. Supernatants from DO11.10 ϩ Fyn-deficient T cell cultures consistently contained ϳ2-fold more IL-4 than did those from identical cultures containing DO11.10 ϩ wild-type T cells (Fig. 5A ). In contrast, the supernatants from cultures containing wild-type T cells typically had more IFN-␥ than did those from cultures containing DO11.10
ϩ Fyn-deficient T cells (Fig. 5B) . For both IL-4 and IFN-␥ the difference in cytokine production was significant, although to a lesser degree for IFN-␥. Thus, Ag-specific in vitro activation of DO11.10 ϩ Fyn-deficient T cells resulted in the secretion of more IL-4 and less IFN-␥ compared with the corresponding activation of DO11.10 ϩ wild-type T cells.
Activation of DO11.10 ϩ Fyn-deficient CD4 ϩ T cells with Ag in vivo
Next, the DO11.10 ϩ wild-type T cells and DO11.10 ϩ Fyn-deficient T cells were stimulated in vivo with Ag in adjuvant. CD4 ϩ T cells were purified from DO11.10 ϩ wild-type mice and DO11.10 ϩ Fyn-deficient mice, and the frequency of DO11.10-positive cells and the expression of activation markers were determined by flow cytometry. Almost all of the purified CD4
ϩ T cells had a naive phenotype similar to that illustrated in Fig. 3 . Purified (Fig. 6A) . In response to immunization with Ovap 323-339 in CFA, many of the DO11.10 ϩ wild-type T cells and DO11.10 ϩ Fyn-deficient T cells present in the draining lymph nodes underwent division, with most cells present in divisions six and seven after 3 days (Fig. 6A) . In the nondraining lymph nodes, proliferation could also be observed; however, the response was greatly reduced (data not shown). Immunization with Ovap 323-339 in CFA did not induce proliferation of CFSE-labeled Cytokine production following immunization was also examined. Five days after the recipient mice had been immunized, they were sacrificed and the lymph nodes were harvested. Draining lymph node cells were restimulated in vitro with 1 g/ml Ovap 323-339 for 18 h and the supernatants from these cultures were subsequently assessed for the presence of IL-4 and IFN-␥. IFN-␥ was detectable in the supernatant from DO11.10 ϩ wild-type T cells or DO11.10 ϩ Fyn-deficient T cells that had been primed in vivo with peptide in CFA (Fig. 6B) . Interestingly, the supernatants from cultures containing DO11.10 ϩ Fyn-deficient T cells contained more IFN-␥ than did the supernatants from their wild-type counterparts (Fig. 6B) . Neither DO11.10 ϩ wild-type nor DO11.10 ϩ Fyn-deficient T cells from mice that had been primed with Ovap 323-339 in CFA produced detectable levels of IL-4 (data not shown), consistent with previous work demonstrating that CFA immunization promotes Th1 cytokine production (33, 34) . These results, and those illustrated in Fig. 5 , indicate that under certain conditions DO11.10
ϩ Fyn-deficient T cells are better cytokine producers than are their wild-type counterparts (Figs. 5 and 6) .
Infection with N. brasiliensis elicits a strong Th2 response in both Fyn-deficient mice and wild-type mice
To assess the ability of Fyn-deficient T cells to differentiate into IL-4-secreting cells in vivo, we utilized the N. brasiliensis infection model, which induces CD4 ϩ T cell differentiation to Th2 effector cells and inflammation in the lungs characteristic of a Th2 response (35) . Cytokine production of CD4 ϩ T cells was assessed 10 days after infection. T cells from the draining lymph nodes of the lung (mediastinal) and gastrointestinal tract (mesenteric) were restimulated in vitro with PMA and ionomycin and cytokine synthesis was assessed by intracellular cytokine staining and flow cytometry. The frequency of IL-4-producing T cells seen in both infected wild-type mice and infected fyn Ϫ/Ϫ mice was higher than the percentage of IFN-␥ producing cells, consistent with a primary Th2 response (Fig. 7A-D) . There was no difference in the magnitude of the response between infected wild-type mice and infected G9 fyn Ϫ/Ϫ mice ( Fig. 7A-D) . We also assessed the concentration of serum IgE, an Ab whose production is dependent on IL-4 (36), in mice that had been infected by N. brasiliensis. The sera of both infected wild-type mice and infected fyn Ϫ/Ϫ mice contained increased concentrations of IgE (Fig. 7E) , whereas IgE could not be detected in the sera of noninfected controls or of infected rag Ϫ/Ϫ mice (data not shown). While the mean serum IgE concentration from infected Fyn-deficient mice was less than that from infected wild-type mice, this difference was not significant (Student's t test, p ϭ 0.3). Additionally, both wild-type mice and G9 fyn Ϫ/Ϫ mice were able to completely clear the N. brasiliensis infection, as worms were undetectable in the small intestine of both strains of mice 10 days after infection (data not shown). Finally, we observed a similar increase in the total number of cells infiltrating the lungs, and specifically in the numbers of eosinophils and CD4 ϩ T cells infiltrating the lungs in infected wild-type mice and infected fyn Ϫ/Ϫ mice ( Fig. 7F-H) . These results clearly indicate that Fyn deficiency does not alter CD4 ϩ T cell recruitment, differentiation into Th2 effector cells, or helper cell function necessary for IgE production during the course of an in vivo response.
Fyn deficiency does not alter the formation or stability of DO11.10 ϩ T cell/APC conjugates
The limited effects on the in vivo responses of Fyn-deficient T cells was quite surprising given the literature indicating that Fyn participates in the cytoskeleton rearrangements involved in the immunological synapse through its phosphorylation of Vav, WASp, and Pyk-2 (7, 9) . Therefore, we wanted to assess whether the deficiency in Fyn affected the formation or stability of DO11.10 ϩ T cell/APC conjugates. To do this, we compared the frequency of conjugates formed between CFSE-labeled DO11.10 ϩ wild-type T On the third day after immunization, the draining (inguinal and brachial (A)) and nondraining (cervical) lymph nodes were harvested, lymph node cells were stained for expression of the DO11.10 TCR, and dilution of CFSE was assessed by flow cytometry. CFSE profiles for DO11. ϩ Fyn-deficient T cells and Ovap 323-339 -loaded APCs that had been stained with different fluorochromes. We employed a competitive assay measuring the frequency of conjugates between DO11.10 T cells and two populations of APCs that were added to the T cells at different times and/or were loaded with different concentrations of Ovap [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] . In this assay, the frequency of conjugates and the ratio of conjugates with the two different APCs provide an indication of the stability of the T cell/ APC conjugate. In the absence of peptide only, ϳ8 -10% of DO11.10 ϩ wild-type T cells or DO11.10 ϩ Fyn-deficient T cells formed conjugates with the APC added first (APC1) and fewer formed new conjugates with the APC added second (APC2) (Fig.   8 ). Loading APC1 with 1 g/ml Ovap 323-339 increased the percentage of T cell/APC conjugates by ϳ3-fold, with little difference being observed in the frequency of conjugates with DO11.10 ϩ wild-type T cells or with DO11.10 ϩ fyn Ϫ/Ϫ T cells (Fig. 8) , indicating that DO11.10 ϩ Fyn-deficient T cells are as capable as DO11.10 ϩ wild-type T cells in forming T cell/APC conjugates. When both APCs were loaded with 1 g/ml Ovap 323-339 , some DO11.10 ϩ T cells that had previously formed conjugates with APC1 switched APCs and formed new conjugates with APC2. Additionally, the total percentage of T cells forming conjugates with APCs was increased (Fig. 8) . When APC2 was loaded with a higher concentration of Ovap 323-339 than APC1, more T cells ϩ T cells in the mediastinal lymph nodes of wild-type mice (mean 12.89 Ϯ 2.9% (SD), n ϭ 7) or Fyn-deficient mice (mean 11.9 Ϯ 3.1% (SD), n ϭ 7) was comparable. Similarly, the percentage of IL-4-producing cells in the mesenteric lymph nodes was equivalent in wild-type (mean 6.4 Ϯ 2% (SD)) and Fyn-deficient mice (mean 6.4 Ϯ 1.3% (SD)). For IFN-␥, the mean percentage of CD4 ϩ T cells producing was 4.8% (Ϯ1.3% (SD), n ϭ 7) and 4.4% (Ϯ1.9% (SD), n ϭ 7) in the mediastinal lymph nodes of infected wild-type mice and infected Fyn-deficient mice, respectively. Comparable results were obtained for the frequency of IFN-␥-producing CD4 ϩ T cells in the mesenteric lymph nodes of wild-type mice (mean 3.9 Ϯ 1.3% (SD)) or Fyn-deficient mice (mean 4.8 Ϯ 2.1% (SD)). E, Serum IgE concentration from infected wild-type mice (f) and infected Fyn-deficient mice (F) assessed 10 days postinfection. IgE was not detected in the serum of uninfected control mice (data not shown). N. brasiliensis infection also induced inflammation resulting in an increase in the total number of infiltrating cells (F), eosinophils (G), and CD4 ϩ T cells (H) in the lungs when compared with uninfected wild-type (Ⅺ) and Fyn-deficient controls (E). No significant difference was found in the response of infected wild-type (f) or infected Fyn-deficient mice (F). The means and SD are also shown (E-H). In E-H, each point represents an individual mouse and the data shown were pooled from two separate experiments.
formed conjugates with APC2, and fewer remained conjugated to APC1; however, no difference was observed between the responses of DO11.10 ϩ Fyn-deficient T cells or of DO11.10 ϩ wildtype T cells (Fig. 8) . These data indicate that the formation and stability of T cell/APC conjugates was unaffected by the absence of Fyn kinase and corresponded to the observed minimal effects of Fyn deficiency on T cell responses to Ag in vitro and in vivo.
Discussion
Previous studies have suggested that Fyn is involved in several important T cell signaling pathways, including the initiation and feedback inhibition of TCR-mediated signaling (5, 6, 8, 37, 38) , signaling events downstream of the TCR leading to cytoskeletal rearrangement and the formation of stable T cell/APC conjugates (7) (8) (9) , and signaling of the SLAM/SAP complex, which promotes differentiation to Th2 effector cells (13) (14) (15) . Indeed, following stimulation with soluble or plate-bound anti-CD3 Fyn-deficient CD4 ϩ T cells have a major defect in proliferation, differentiation into cytokine-producing effector cells, and TCR signaling when compared with wild-type T cells (Fig. 1 and Refs. 19, 20, 25) . Therefore, we set out to assess whether Fyn-deficient CD4 ϩ T cells had a defect in their response to Ag in the context of MHC-II. We found that the development and peripheral expansion of DO11.10 ϩ TCR transgenic CD4 ϩ T cells was unaffected by a deficiency in Fyn kinase. The presence of a large number of naive resting Ag-specific T cells in the DO11.10
ϩ Fyn-deficient mice gave us the opportunity to compare the responses of wild-type and Fyn-deficient CD4 ϩ T cells in detail. Surprisingly, Ag-induced proliferation of DO11.10 ϩ Fyn-deficient T cells was comparable to that of DO11.10 ϩ wild-type T cells in vitro and in vivo, even in the absence of costimulation. Additionally, we did not detect a difference in the stability of DO11.10 ϩ T cell conjugation with Ovap 323-339 -loaded APCs between wild-type and Fyn-deficient T cells. Interestingly, the absence of Fyn did not cause a defect in Th2 cytokine production, as has previously been reported in Fyndeficient T cells and SAP-deficient T cells (13, 29) . Thus, Fyn was not essential for the function of SAP in CD4 ϩ T cells. Surprisingly, DO11.10
ϩ Fyn-deficient T cells did produce higher levels of effector cytokines than did DO11.10 ϩ wild-type T cells following Ag-induced activation under certain conditions in vitro or in vivo.
Our assessment of positive selection in the thymus of DO11.10 ϩ Fyn-deficient mice showed that it was unaffected by the absence of signaling though Fyn (Fig. 2 and data not shown) . Similarly, positive selection was found to be normal in TCR-transgenic Fyndeficient mice that expressed either the CD8-selecting H-Y TCR or 2C TCR (30) . Given the importance of TCR recognition of selfpeptide-MHC complexes at low avidity for positive selection of conventional CD4 or CD8 T cells (39) , these results suggest that TCR signaling in response to such ligands is not greatly affected in thymocytes by the absence of Fyn kinase. This is in contrast to the defect observed in Fyn-deficient mice in NKT cell development, which is dependent on the recognition of CD1d molecules bound to lipid Ags (21, 22, 40 (19) . However, this does not seem to be a general defect, as negative selection of Fyn-deficient conventional ␣/␤ thymocytes in response to a second superAg, staphylococcal enterotoxin A, is normal (19) , as is the negative selection of HY TCR-transgenic CD8 ϩ thymocytes in Fyn-deficient male mice (30). In the periphery, the vast majority of CD4 ϩ T cells in DO11.10 ϩ Fyn-deficient mice had a naive phenotype (Fig. 3) , which is in contrast to previously published results of Yasuda et al., who found evidence for an activated phenotype of CD4 ϩ and CD8 ϩ T cells from Fyn-deficient mice (11) . However, we have not seen spontaneous activation of T cells from nontransgenic Fyndeficient BALB/c mice or from highly inbred nontransgenic Fyndeficient C57BL/6 mice (data not shown). Therefore, the DO11.10 ϩ TCR-transgenic Fyn-deficient T cells appear to be typical in retaining the naive resting phenotype in the periphery.
Proliferation of peripheral DO11.10 ϩ Fyn-deficient T cells in response to Ag in the context of MHC was almost indistinguishable from the response of DO11.10 ϩ wild-type T cells (Figs. 4 and  6 ). The similarity of the in vitro and in vivo proliferative responses of DO11.10 ϩ T cells was surprising given the numerous signaling defects that have been described in Fyn-deficient T cells (8, 10, 19, 20, 25, 41) . Our data for Ag-driven proliferation of Fyn-deficient DO11 ϩ CD4 ϩ T cells was similar to that obtained for Fyn-deficient TCR-transgenic CD8 ϩ T cells that express the 2C TCR (30) . However, assessment of Ag-induced CD8 ϩ T cell proliferation from two other Fyn-deficient TCR transgenic mouse strains has produced conflicting results. Utting et al. showed that following stimulation with Ag Fyn-deficient HY ϩ CD8 ϩ T cells proliferate less well than do their wild-type counterparts (30) . In contrast, Filby et al. recently showed that Ag-induced proliferation of Fyn-deficient F5 TCR-transgenic CD8 ϩ T cells was more vigorous than for their wild-type counterparts (41) . Given these conflicting results it is difficult to form a coherent theory as to the role of Fyn in Aginduced proliferation of CD8 ϩ T cells, although one possibility is that these data are a reflection of differences in the affinity of TCRs for their respective Ags. The difference between CD4 ϩ and CD8 ϩ T cells could also relate to the fact that CD4 binds more effectively to Lck than does CD8 (2, 42). For this reason, CD8 ϩ T cells may be more sensitive to signaling defects that result from Fyn deficiency, whereas the greater amount of Lck recruited to CD4 may make Fyn dispensable for TCR signaling in CD4 ϩ T cells. Irrespective of the role of Fyn in CD8 ϩ T cell proliferation, our data clearly show that Fyn-deficient CD4 ϩ T cells proliferate normally in response to Ag under a variety of conditions. Several studies have shown that Fyn plays a positive role in cytoskeletal remodeling and the formation of stable T cell/APC conjugates (7) (8) (9) . When stimulated with Ag, AD10 ϩ CD4 ϩ Fyndeficient T cells do not effectively phosphorylate Vav (8, 25) , which is required for actin polarization and reorganization promoting the formation of the immunological synapse (43, 44) . Correspondingly, AD10
ϩ CD4 ϩ fyn Ϫ/Ϫ T cells were reported to form less stable conjugates with Ag-loaded APCs than wild-type AD10 ϩ CD4 ϩ T cells (8) . In similar experiments, Badour et al. found that OT-II ϩ CD4 ϩ Fyn-deficient T cells formed poor immunological synapses with OVA-presenting APCs, and they provided evidence that this was due to a failure to phosphorylate WASp, resulting in impaired actin polymerization and cytoskeletal rearrangement (9) . More recently, OT-I ϩ CD8 ϩ Fyn-deficient T cells were shown to have a defect in the reorganization of the microtubule-organizing center (MTOC) when stimulated with Ag and APCs (7) . Reorganization of the MTOC involves Pyk2 and Vav, both of which are phosphorylated by Fyn (8, 10) . Despite the reported defects in cytoskeletal reorganization, both AD10 ϩ CD4
ϩ Fyn-deficient T cells and OT-I ϩ CD8 ϩ Fyn-deficient T cells produced IL-2 at levels similar to that seen in wild-type controls following Ag stimulation. Moreover, we found that DO11.10 ϩ CD4
ϩ Fyn-deficient T cells did not have a defect in the formation of conjugates with Ovap 323-339 -loaded APCs (Fig. 8) . The ability of DO11.10 ϩ Fyn-deficient T cells to form stable T cell/APC conjugates is consistent with our observations that their Ag-induced proliferation was normal (Figs. 4 and 6) .
Although DO11.10 ϩ Fyn-deficient T cells proliferated normally in response to antigenic stimulation, we did observed a moderate increase in Ag-induced effector cytokine production in some circumstances (Figs. 5 and 6 ). Similarly, Filby et al. have reported that Fyn-deficient F5 TCR transgenic CD8 ϩ T cells produced more IL-2 following Ag stimulation when compared with wildtype F5 ϩ CD8 ϩ T cells (41) . However, in our experiments Fyndeficient CD4 ϩ T cell were not always hyperresponsive with respect to cytokine production, as following infection with N. brasiliensis G9 Fyn-deficient mice had a comparable cytokine response to that of wild-type BALB/c mice (Fig. 7) . In any case, our data clearly show that Fyn-deficient T cells are capable of differentiating into Th1 or Th2 effector T cells, and that under certain conditions Fyn-deficient T cells are more potent producers of effector cytokines than are their wild-type counterparts (Figs. 5-7) .
Previous work has shown that Fyn can play a positive role in Th2 differentiation and IL-4 production through its interaction with SAP, a key signaling adapter associated with several CD2-like adhesion molecules including SLAM (13, 29) . Following the homotypic interaction between SLAM molecules, SAP binds to SLAM, and SAP-associated Fyn phosphorylates SLAM, initiating an intracellular signaling pathway that promotes IL-4 production (13). Anti-CD3 stimulation of SAP-deficient T cells or SAP R78A T cells, which have a mutation that prevents the interaction of SAP with Fyn, results in the induction of mRNA for T-bet but not GATA-3, the key transcription factors regulating Th1 and Th2 differentiation, respectively, whereas under the same conditions both T-bet and GATA-3 are produced in wild-type T cells (13, 29) . These results suggested that one of the downstream events following the formation of the SLAM/SAP/Fyn complex is the increased expression of GATA-3, a transcription factor that promotes the production of Th2 cytokines (45, 46) . While, data from Cannons et al. (29) and Davidson et al. (13) suggested that signaling through Fyn can promote CD4 ϩ T cells to differentiate to IL-4-secreting T cells, our data clearly showed that signaling through Fyn was not obligatory for IL-4 production or Th2 immune responses ( Fig. 5  and 7) . Surprisingly, we found that under certain conditions Fyndeficient DO11 ϩ CD4 ϩ T cells produced more IL-4 than did wildtype CD4 ϩ T cells (Fig. 5 ). In agreement with our data, Fyndeficient CD4 ϩ T cell have previously been shown to be more potent producers of IL-4 following in vitro stimulation with anti-CD3 in the presence of APCs, even in the absence of costimulation though CD28 (47) . Furthermore, in a murine model of airway allergy in which mice were sensitized to, and subsequently challenged with, aerosolized OVA Th2-dependent eosinophil infiltration of the lung and the levels of IL-4 and IL-5 in the bronchoalveolar lavage were higher in mice deficient in the hematopoietic form of Fyn, FynT, than in wild-type control mice (48) . Combined, these data show that under different conditions naive Fyn-deficient T cells can differentiate into IL-4-producing effector cells secreting as much, or more cytokine, than do wild-type T cells.
This study clarifies the effect of a deficiency in Fyn kinase on Ag-induced CD4 ϩ T cell activation. Through the use of TCRtransgenic Fyn-deficient T cells we have directly assessed the effect of a Fyn deficiency on Ag-induced activation in vitro and in vivo. Our results clearly show that Fyn-deficient T cells formed stable conjugates with Ag-loaded APCs; that Ag-induced proliferation was normal, even in the absence of costimulation; and with respect to Ag-induced cytokine production, Fyn-deficient CD4 ϩ T cells were as good as, or under certain conditions better than wildtype CD4 ϩ T cells. Additionally, we did not observe a defect in IL-4 production by Fyn-deficient CD4 ϩ T cells, demonstrating that the signaling via SLAM/SAP that promotes T cell differentiation to Th2 phenotype can proceed via a pathway that is independent of Fyn kinase. Taken together, these data reveal a previously unappreciated level of redundancy in T cell signaling that allows conventional ␣/␤ CD4 ϩ T cells to respond well following Ag recognition in the absence of Fyn kinase.
